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Abstract 
This paper presents an integrated approach to analyze change-situations that occur during the development of production systems to support a 
holistic estimation of potential effects of engineering changes on the system itself as well as on future phases of the entire system lifecycle. For 
the analysis of change influences within the system, a SysML based methodology is provided, while the other lifecycle phases are equipped with 
checklists that support an expert estimation. The proposed integrated approach is applied to a production system for evaluation purposes. 
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1. Introduction 
During the development of modern mechatronic production 
systems, frequently situations occur in which the original 
specifications have to be adapted, e.g. if a new requirement is 
added, and thus, the designed system differs from the new 
specification. In such a case, a decision has to be taken, which 
changes in the system are necessary. Thereby usually different 
alternative courses of action are possible, especially in 
mechatronic systems with many components from different 
disciplines (mechanics, software, and electrics/electronics). 
Thus, depending on the chosen course of action different 
components have to be exchanged to fulfill the new 
requirement. This has direct effects on the system itself, i.e. the 
compatibility of the interfaces of the exchanged component to 
the other elements has to be ensured, but also on the subsequent 
lifecycle steps, e.g. production. If the specification-change is 
not critical, it is also possible to leave the system unchanged, 
which however also has influences on later lifecycle stages. 
Thus, to make a comprehensive decision, which alternative 
course of action shall be chosen, a model-based support is 
necessary considering the different change effects and enabling 
the identification of the lifecycle ideal solution. 
This paper investigates the integrated analysis of the overall 
change effects by aggregating approaches for analyzing 
influences in two dimensions. First, the change influences on 
the existing production system have to be analyzed. Therefore, 
the SysML based modeling approach SysML4Mechatronics 
[1] is used to identify the influences within the system. As a 
result, an estimation of the required change efforts (which 
elements have to be adapted to ensure compatibility) becomes 
possible for each solution alternative. The second examined 
dimension, considers the effects on the subsequent lifecycle 
steps of the system. Therefore, a lifecycle model is presented 
to support an expert-based estimation of possible effects of the 
different solution-possibilities as well as checklists that 
summarize typical change effects from a literature review. The 
proposed approach for the integrated analysis of change effects 
is shown on a use-case of a pick and place production system.  
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2. State-of-the-art 
For the proposed approach, this paper provides the 
fundamentals in the field of engineering change management 
through the presentation of a corresponding reference process 
(2.1). In order to analyze change influences on the system an 
adequate system model is required as basis. Therefore, model-
based development approaches are presented in 2.2. 
2.1. Engineering change reference process (ECRP) 
The field of engineering change management (ECM) 
provides numerous engineering change processes (ECP) that 
aim on a support of practitioners to deal with engineering 
changes (EC), however industry is still challenged by dealing 
with ECs in practice [2]. The ECPs that are available in 
literature are either to specific or not specific enough to support 
in an industrial appliance [3]. Therefore, Wickel et al. [2] 
presented an engineering change reference process (ECRP) to 
provide a generic process allowing its adaption to the special 
needs of a company in terms of required activities of dealing 
with ECs. The first phase (identification) deals with the 
identification of the target deviation and the assessment of the 
situation. Within the preparation phase, more information on 
the causes may be gathered depending on the underlying target 
deviation. Moreover, this phase features the identification of 
alternative courses of action to eliminate the target deviation. 
This activity is the basis for the derivation of ideal solutions as 
intuitive courses of actions are considered besides more 
elaborated alternatives that may induce different effects within 
the system as well as within the lifecycle phases. Thereby, a 
valid alternative that needs to be considered is the 0-alternative 
where no changes are made to the system in favor for possible 
effects on later lifecycle phases. For each of the courses of 
action, the ECRP earmarks an estimation of effects, which 
represents the core of this paper. Based on the alternative 
courses of action and their estimated effects the third phase 
(decision) features a comparison of the alternatives followed by 
a decision. Based on this, the fourth phase (operation) focuses 
on the implementation of the EC. Simultaneously the ECRP 
requires recording the effects of the EC in order to provide the 
relevant information for the controlling phase. Thereby, the 
estimated effects are compared to the effects of the 
implementation of the EC, which allows a continuous 
improvement of the effect estimation [2]. 
2.2. Model-based approaches for the development and change 
analysis of mechatronic production systems 
In the field of model-based development of mechatronic 
production systems, various approaches exist on different 
levels of detail, considering discipline specific modeling 
languages as well as integrated approaches. In order to utilize 
a model based approach also for the analysis of change 
influences it has to enable the developer on the hand to define 
interfaces between components in each discipline and on the 
other hand, in order to consider interdisciplinary change 
influences, offer a holistic system view on a higher level of 
abstraction than the specific models. In this way, the 
compatibility of an exchanged element can be analyzed. The 
Systems Modeling Language (SysML) is a graphical modeling 
language for systems engineering, which has shown its ability 
as an adequate language for a comprehensible high level 
representation in the development of production systems [4, 5]. 
Bassi et al. [4] propose that, based on integrated SysML 
models, different development alternatives can be evaluated, 
and the most appropriate chosen for further implementation. 
This approach however focuses on alternative design decisions 
for the same requirements and not on requirement changes. 
Thramboulidis [5] shows an approach using a SysML-model 
with mechatronic components to build up the system under 
development. Mechatronic ports depict the interfaces between 
different mechatronic components. However, not every EC 
requires the exchange of a mechatronic component (e.g. if only 
the software has to be modified). Next to the global model, e.g. 
represented in SysML, usually discipline specific models are 
used to focus on specific development aspects. In order to keep 
these models consistent if a change was induced in the SysML 
model Giese et al. [6] propose an approach to automatically 
adapt an AUTOSAR model to the SysML model of the system. 
In [7] and [8] further approaches for multi-discipline modeling 
in SysML and transformations to discipline specific models are 
shown. Such transformations are useful to implement the 
changes in the different disciplines, however the joint model in 
SysML is more useful for identifying affected components and 
interfaces from the different disciplines. Kelter et al. [9] and 
Cicchetti et al. [10] focus on the differences between two 
models. While in [9] an algorithm for comparing UML-
software models was developed, in [10] a possibility to 
visualize changes between two models is shown. Therefore, the 
differences of two models are calculated. As a result a model is 
created consisting of the elements that have been changed. For 
the analysis of change influences, it is however not only 
important which elements have been changed (e.g. a sensor), 
but also how the exchanged element fits into the existing 
system, i.e. if the interfaces of the exchanged element match to 
the other system components. In order to analyze and visualize 
change influences in mechatronic production plants to support 
the engineering some of the authors developed the SysML 
based approach SysML4Mechatronics [1]. This approach 
focuses on the detailed description of system elements in the 
different disciplines mechanics, electrics/electronics (E/E) and 
software as well as their port specifications. Ports, as interfaces 
to other parts of the system, can be thereby discipline specific 
as well as interdisciplinary. In this way, change influences 
within one discipline, but also interdisciplinary change 
influences can be analyzed in the joint model. In the plant 
manufacturing industry changes can be thereby necessary 
during the development, but also later during the plant’s 
lifecycle, e.g. if the customer has new requirements or an 
element has to be exchanged which is not anymore available 
on the market. As the change influences within the system 
during the development form one main part of the integrated 
analysis of change-situations, the utilization of 
SysML4Mechatronics for dealing with ECs will be explored. 
As described in this section, the analysis and management 
of change-situations in the development of mechatronic 
production systems can be considered from different 
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perspectives. The novel approach in this paper combines two 
perspectives of change influences, namely on the system 
structure and on the subsequent life cycle phases, to enable a 
more holistic view on the overall change impact. 
3. Integrated approach 
The presented approach can be integrated in the ECRP (2.1), 
and details the phase of preparation and decision and supports 
the identification of alternative courses of action. Based 
thereon a lifecycle model (3.1) allows to identify corresponding 
experts within affected lifecycle phases in order to estimate 
effects of ECs. One major aspect are effects of ECs on the 
system. Therefore, the analysis is carried out using the SysML 
based approach SysML4Mechatronics (3.2). The estimation of 
effects within the other lifecycle phases is performed by experts 
that are provided with checklists (3.3). These checklists 
summarize typical change effects from a literature review (3.1). 
3.1. Lifecycle model for effects of engineering changes 
Based on the lifecycle presented by Hepperle et al. 
[11](including the phases planning, development and design, 
production process preparation, production, distribution, 
utilization, maintenance, modernisation, and disposal) the 
lifecycle model for the assignment of EC effects includes six 
phases. As the planning phase sets the objectives for the 
development, ECs occur by definition within the development 
and design. ECs are a “modification in forms, fits, materials, 
dimensions, functions, etc. of a product or component” [12, 13] 
that leads to an “alternation made to parts, drawings or software 
that have already been released during the product design 
process” [13–15]. Therefore, the planning phase is not included 
in the lifecycle model. Effects of ECs focus on phases 
following the development and design. Thereby, the production 
process preparation is assigned to the production phase as 
similar experts are addressed in terms of the identification of 
relevant effects of ECs in an industrial appliance. The 
subsequent distribution of the system is addressed without any 
changes to original lifecycle representation [11]. The 
utilization, maintenance, and modernization lifecycle are 
combined to a utilization phase as an accurate distinction 
between the required experts for the identification of relevant 
effects of ECs is not applicable. There are too many overlaps 
that hinder the application of the lifecycle models by 
practitioners. The last phase (disposal) is considered according 
to the original lifecycle representation [11]. The development 
and design phase is affected in two ways by ECs. On the one 
hand, there are effects on the system itself (3.2), on the other 
hand the implementation of ECs affects the development 
project or even the underlying organization in which the system 
is embedded. While the effects on the system can be estimated 
by developers (3.2), the effects on the overall project are within 
the responsibility of the project managers. As a result, the 
lifecycle  model (Fig. 1) for the integrated approach of 
analyzing change-situations in the development of production 
systems distinguishes within the development and design phase 
between effects of the EC implementation and effects on the 
development project (or the organization). Therefore, the 
lifecycle model supports the identification of experts that are 
dedicated to certain lifecycle phases. This allows a detailed 
estimation of effects within the corresponding lifecycle phase 
by declared experts. Based on the lifecycle model for effects of 
ECs (Fig. 1) a literature review on reported effects of EC in 
practice carried out numerous detailed effects. Table 1 
indicates the lifecycle phases where effects are reported by 
literature. Thereby, the lifecycle model (Fig. 1) serves as a 
framework for the categorization of the reported effects of ECs. 
Table 1. Reported effects within the lifecycle phases 
Ref. A B C D E F 
[16]     x  
[17]  x   x  
[18] x x x  x  
[19] x x x x x  
[20] x      
[21] x    x  
[13] x      
[15] x      
[22] x x x x   
[23] x x x x x  
[24] x x x  x x 
Based on the results of the literature review the majority of 
EC effects are reported at the implementation of ECs (A) and 
the utilization (E) of the system. For the phase of disposal (F) 
only Lindemann et al. [24] reports an effect of ECs. Within the 
development project (B) and the production phase (C) half of 
the references state an EC effect. 
3.2. Effects of engineering changes within the system 
ECs especially have influences on the implementation (A) 
in the system, i.e. certain system components have to be 
changed to meet the new requirement. Thereby it is essential 
that the compatibility of the components in the system is 
ensured. Compatibility is defined as the suitability of 
components “for use together under specific conditions to fulfil 
relevant requirements without causing unacceptable 
interactions” [25]. Production systems are complex 
mechatronic systems, consisting of physical components 
(mechanics, electrics/electronics) as well as of software, which 
interact with each other. Thus, solution possibilities containing 
components from one or more disciplines may exist. In order 
to reveal typical types of changes that can be used to adapt to 
the new requirements a literature research was conducted. 
Table 2 shows a summary of typical changes made in software 
systems. In most cases, changes are implemented through 
adding, deleting, modifying or moving. These changes can 
effect packages, classes, interfaces, methods, or attributes of 
the software [26]. In [27] some further specific change types 
are defined. These however can also be seen as subclasses of 
the described changes, e.g. replacing is a combination of 
deleting and adding. Regarding effects on other components, 
especially changes of interfaces and entire classes are critical 
and require a detailed analysis to ensure compatibility. 
 
Fig. 1 Lifecycle model 
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Table 2. Reported types of software changes 
Ref. 
A
dd
 
D
el
et
e 
M
od
ify
 
M
ov
e 
R
en
am
e 
Sp
lit
 
M
er
ge
 
Sw
ap
 
R
ep
la
ce
 
[28]   x       
[29] x x x       
[30] x x x x      
[31] x x x x      
[26] x x x x x     
[32] x x x       
[27] x x x x  x x x x 
Next to changes in the software, a change can contain the 
physical system components. Typical types of changes include 
adding, removing, rearranging, and replacing components [33]. 
These changes influence the other system parts as also each 
physical component is connected through interfaces to other 
components. Depending on the component, this interface can 
be either a physical interface or a non-contact interaction (e.g. 
wireless sensor) [34]. Due to the wide variety of electronic and 
mechanical components, also the possible interfaces differ. In 
an optimal case, the physical or software component that 
causes a conflict with the requirement can be exchanged by a 
component that fits in the existing system without conducting 
further changes. In this case the components fulfill a 
dimensional interchangeability [25]. In most cases however, a 
more detailed analysis of the change influences is required, as 
the components are not interchangeable and furthermore 
interdisciplinary change effects occur among the components. 
Therefore a joint system model in SysML4Mechatronics [1], 
with a definition of the components’ ports  in all involved 
disciplines, is used. After the original system has been 
modeled, the integrated model can be used for analyzing 
different solution possibilities and their effects on the system  
in case of a change-situation. Through the specification of the 
ports in all disciplines a comprehensive analysis of change 
influences, discipline specific as well as inter-disciplinary 
becomes possible. After the affected components have been 
changed in the model, the resulting system can be analyzed, if 
all ports can be connected adequately or if further changes in 
the system become necessary. In this way, the required effort 
for a change can be compared to other change possibilities, 
before the actual change is implemented into the real system. 
3.3. Consideration of further effects of engineering changes 
The estimation of EC effects within the other lifecycle 
phases is based on an expert estimation that is supported by 
corresponding checklists. The content of these checklists refers 
to the reported effects of ECs in literature. Within the phase of 
production (C) the checklist asks whether the EC causes (C.1) 
a change within the production process (e.g. manufacturing-, 
assembly-, testing-process) [22, 23], (C.2) a change within the 
costs of purchased parts [23], (C.3) a change in manufacturing 
costs (e.g. material costs) [18, 19, 22, 24] or (C.4) subsequent 
costs in the production like rework [24]. In the phase of 
distribution (D) the major areas of effects are earnings and 
image. Within earnings the checklists verifies whether the EC 
causes any loss in earnings due to (D.1) any contract penalties 
[23] or (D.2) a delayed market entry [23]. The influence on 
image (D.3) refers to any damage to one’s image [22] or an 
underachievement of customer requirements [19]. The effects 
within the phase of utilization (E) can be divided in four areas 
that all refer to system properties. The first area (E.1) deals with 
effects in terms of quality (e.g. change of quality of the system, 
correction of failures) [16–19, 21, 23, 24]. Another area (E.2) 
addresses effects concerning the security of the utilization of 
the system [24]. The third area (E.3) focuses on effects of ECs 
on the maintenance of the system [24], while the fourth area 
(E.4) focuses on the changes within the system functionality 
[16, 19, 23]. The last phase of the system lifecycle is 
represented by the disposal (F). Within this phase the effects of 
ECs occur as (F.1) changes of the disposal processes [24]. 
Table 3 illustrates a prototypical checklist for the phase of 
production (C). The results from the checklists allow 
practitioners to focus their effort for a detailed analysis of 
effects to those areas where experts estimate a considerable 
influence. A detailed analysis within the areas is supported by 
numerous methods, which were not emphasized by this paper. 
The evaluation in Table 3 shows that the expert for the phase 
production (C) expects an influence of the EC on the 
manufacturing costs, which should be investigated in detail 
through corresponding methods. 
Table 3. Checklist for the phase of production (C) 
 Question Y N 
C.1 Do you expect changes within the production process?  x 
C.2 Do you expect changes within the costs of purchased parts?  x 
C.3 Do you expect changes within the costs of manufacturing? x  
C.4 Do you expect changes within the subsequent costs in the production?  x 
4. Use-case 
4.1. Use case and engineering change description  
The development of a pick and place unit [35, 36] is used as 
application example. It fulfills typical production steps, like 
storing (stack), moving and sorting (crane, sorting belt) and 
processing (stamp module) work pieces (WPs). In the initial 
development situation the production sequence is as follows: 
Different WPs (white-, black-plastics, metal) are stored in the 
stack. The crane grabs a WP at the handover position and 
transports it to the stamp. The stamp stamps a specific notice 
on each WP before it is transported by the crane to the handover 
position of the sorting belt. There the WPs are distributed to 
different slides, depending on their material. Therefore, sensors 
(optical, inductive) are attached to the sorting belt. During the 
development of the system a change in the requirement “R1: 
All WPs have to be stamped” occurs, e.g. through a change in 
the law. The new requirement is defined as “R1*: Metal WPs 
have to be stamped, other materials can be stamped optionally”. 
Based on this change-situation, the development of the system 
has to react by defining solution alternatives and analyse each 
of them to take the life cycle optimal decision: 
Alternative course of action 1: Additional inductive sensor: 
In order to identify metal WPs already at the stack an additional 
inductive sensor is added at the handover position of the stack. 
In this way an exact identification of the material is possible, 
and only metal WPs are transported to the stamp, WPs made of 
plastics are transported directly to the sorting belt. 
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Alternative course of action 2: Pure software modification: 
As described above, different sensors are installed already at 
the sorting belt for the identification of the WP material. By 
changing the software, a new process sequence can be 
implemented: Each WP is transported from the stack to the 
sorting belt. There the material is identified through the 
sensors. If a metal WP is identified, it is transported back to the 
crane handover position and moved to the stamping module. 
After the stamp, the WP is moved back to the belt. 
Alternative course of action 3: No modification: As the new 
requirement allows optionally to stamp also plastic WPs the 
process as in the initial situation can be kept. 
Fig. 2 summarizes the different alternatives and shows how an 
integrative decision can be taken. 
4.2. Application of the integrated approach 
This section illustrates the application of the integrated 
approach to analyze change-situations. Table 3 summarizes the 
affected lifecycle phases of the three alternatives. Based 
thereon the corresponding effects of the alternatives are 
described in detail in the following to support the decision. 
Table 3. Affected lifecycle phases of the different alternative courses of 
action for the initial EC 
No. A B C D E F 
1 x  x  x x 
2 x x   x  
3    x   
Alternative course of action 1: Additional inductive sensor: 
This alternative induces effects within the system (A) due to 
the additional sensor that needs to be embedded in the system. 
Fig. 3 shows an excerpt of the resulting SysML4Mechatronics 
model (for the sake of clarity only focusing on the affected 
ports). The analysis shows that the sensor has to be fixed 
mechanically to the mounting plate of the existing system and 
has to be connected to the programmable logical control (PLC). 
Other sensors and actuators of the system also have been 
connected to the digital I/Os of the PLC (not shown in Fig. 3) 
and thus, an appropriate Input port already exists in the system. 
However, the cable from the sensor to the PLC has to be added. 
In the software view, the sensor sends a signal when a metal 
WP is detected. Depending on this signal the crane control then 
has to turn the crane either to the stamping module (metal) or 
to the conveyor (plastic). Thus, a port for the WP material has 
to be added to the software block  and its behavior has to be 
adapted accordingly. Besides the effects on the system, the 
installation of an additional sensor influences the production, 
as this sensor needs to be sourced (C.3) and assembled to the 
system (C.1). Within the phase of utilization (E) this alternative 
adjusts the functionality to the new requirement (E.4). Thereby, 
this alternative allows the integration of other functionalities of 
the production system that make use of such an inductive 
sensor. The last effect that is reported refers to the phase of 
disposal (F), where the disposal process (F.1) requires an 
adaption due to disposal of the additional sensor. 
Alternative course of action 2: Pure software modification: 
The second alternative course of action influences the system 
(A) as the software application needs to be adapted to provide 
the additional functionality. Fig. 4 shows the affected software 
components and ports (not affected ports are not shown). In the 
original system, the sensors at the conveyor identified the 
material and thus, the desired position for the motor movement 
was set, to move the WP to the according slide. In the new 
course of actions the port for the position is utilized further, as 
metal WPs have to be brought back to the handover position, it 
has to be adapted however, to handle the according position. 
Furthermore, the crane control requires a port to receive the 
information that a metal WP was detected to transport it to the 
stamping module. The implementation of this additional 
functionality affects the resources assigned for this specific 
development project of the production system (B) due to the 
necessary programming effort. Furthermore, this additional 
functionality (E.4) describes the major effect of this alternative 
course of action within the phase of utilization (E). 
Alternative course of action 3: No modification: The last 
alternative course of action just influences the distribution 
phase (D) as no modifications are done to the production 
system. The new requirement represents a legal restriction. 
This alternative “over-fulfills” the required functionality 
leading to a lower production-rate and higher costs for 
stamping each material. As a result, the solution is not the 
customer-optimal solution, and thus, the earnings of the firm 
(D.1) will be affected as well as the image (D.3). 
5. Summary and outlook 
The presented approach allows the integrated analysis of 
change-situations in the development of production systems. 
 
Fig. 3 Excerpt of the system model with the added inductive sensor 
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Fig. 4 Excerpt of the changed software components 
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Fig. 2 Integrated analysis of alternative courses of action  
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Thereby, different alternative courses of action are derived 
based on an initial target deviation. These alternatives are 
analyzed against their effects on the system and corresponding 
lifecycle phases. In order to allow an assignment of the 
potential effects, this paper presented a lifecycle model, which 
is used as a framework for the categorization of EC effects. For 
the detailed analysis of the effects of ECs on the system, i.e. the 
compatibility of the exchanged components, the approach 
SysML4Mechatronics was utilized. The effects of ECs on the 
other life cycle phases were conducted from literature. Thus, 
the detailed effects are included in the lifecycle model to 
provide an initial estimation of potential effects, which allows 
practitioners to focus their efforts for an analysis of effects to 
those where experts estimate an influence. The proposed 
approach was applied to the development of a production 
system as an application example. A first step of future research 
is to conduct methods for a quantitative estimation of EC 
effects within the different lifecycle phases. As this paper 
focuses on identifying effects, these methods would provide 
quantitative data for an overall comparison of the effects within 
the lifecycle phases. The estimation of effects on a quantitative 
level has a certain degree of uncertainty, which will be 
considered with corresponding methods in a next step.  
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